In addition to the engulfment of apoptotic cells, these phosphatidylserine receptor (Fadok et al., 1998b (Fadok et al., , 2000 , six engulfment genes ced-1, ced-2, ced-5, ced-6, ced-7, and Drosophila croquemort (Franc et al., 1996 (Franc et al., , 1999 and ced-10 also mediate the elimination of necrotic cell have been shown to recognize moieties on the surfaces corpses induced by mec-4(u231), deg-1(u38) mutants is an extra turn of gonadal arm, caused by the reversal in the direction of DTC migration along the dorsal body muscles ( Figure 1B) .
Results
In the course of characterizing ced-12 mutants, we observed extra cell corpses in late embryos ( Figure 1C) .
The ced-12 Gene Is Important for the Migration of DTCs and the Engulfment of Cell Corpses
We counted the number of cell corpses in embryos at different developmental stages and found that ced-12 The migration of two DTCs generates two symmetrical U-shaped gonadal arms in adults ( Figure 1A) . We isomutants have more cell corpses than wild-type throughout embryogenesis after the onset of programmed cell lated the ced-12(tp2) allele in a genetic screen for mutants with abnormal gonad shapes caused by defecdeath ( Figure 1I pared them with those of ced-1, ced-2, ced-5, ced-6, ced-7, ced-10, and ced-12 single mutants. The ced-5 and ced-7 alleles used in this study are likely null Horvitz, 1998a, 1998b) . Specifically, we counted the death, we counted cell corpses in ced-12; ced-3 and ced-12; ced-4 mutants as mutations in ced-3 or ced-4 number of persistent cell corpses in the head region of L1 larvae within 30 min of hatching. ced-12 ced-1, gene block programmed cell death (Ellis and Horvitz, 1986) . No cell corpses were observed in ced-12; ced-3 or ced-12; ced-6 and ced-12; ced-7 double mutants showed many more cell corpses than their respective ced-12; ced-4 mutants ( Table 1A ), indicating that extra corpses in ced-12 mutants are derived from cells that single mutants, indicating that ced-12 acts partially redundantly with ced-1, ced-6, and ced-7 during cell corpse die by programmed cell death.
To determine the identities of cells that generate extra engulfment (Table 1B) . In contrast, ced-12; ced-5 and ced-5 mutants exhibited similar numbers of cell corpses, cell corpses, we examined the cell corpses in the pharynx and the ventral cord of ced-12 mutants. Nuclei of suggesting that ced-5 and ced-12 act in the same genetic pathway that controls cell corpse engulfment (Tathe cells in the pharynx are easily recognized as rippled indents in the smooth wall of the pharynx (Albertson ble 1B). ced-12; ced-2 and ced-12; ced-10 double mutants show more persistent cell corpses than their and Thomson, 1976). All pharyngeal cells including those that are destined to die are generated during emrespective single mutants (Table 1B) (Table 2A) and cell corpse toward the apoptotic cell during the phagocytosis process.
engulfment (Tables 2B and 2C; a The heat shock constructs were injected into ced-12(tp2) animals. Transgenic progeny were subjected to heat shock (ϩ) or left at 20ЊC (Ϫ). b The DTC migration defect was scored on the basis of the shape of the gonad in early adult. c Transgenic animals were scored for the number of head cell corpses, which were generated during embryogenesis 11 hr after heat shock. d The L4 transgenic animals were heat-shocked and scored for germline cell corpses 24 hr after heat shock. e Transgenic animals were scored for the number of head cell corpses, which were generated during embryogenesis and had been dead for approximately 5 hr prior to the heat shock treatment. f Transgenic animals that have entered to adulthood for 50 hr were heat shocked and scored for germline cell corpses 24 hr after heat shock. Data of the corpse numbers are means Ϯ SEM from two independent stably transmitting lines. gfp, green fluorescent protein.
in embryos have been dead for ‫5ف‬ hr. Therefore, ced-12 ced-12 Likely Acts within a Migrating DTC to Control DTC Migration expression would be induced in all somatic cells but not persisting cell corpses. We found that such a heat along a Defined Path Since ced-12 is required not only for cell corpse enshock treatment induces the engulfment of persisting cell corpses in ced-12 mutants (Table 2C, (Table 2A ; 9/9 lines, about 50 animals from each It has been known that the C. elegans heat shock promoters do not drive the expression of transgenes in line were examined), whereas ‫%57ف‬ of ced-12 animals without the transgene (n ϭ 101) have a defect in DTC germline (Wu and Horvitz, 1998a; Reddien and Horvitz, 2000). We found that much fewer germline cell corpses migration. This result suggests that ced-12 acts in a migrating DTC during DTC migration along body muscupersisting in ced-12 animals carrying a hsp::ced-12 transgene after heat shock compared with heat-shocked lature. ced-12 animals carrying a hsp::gfp transgene (Table 2B , germline column). We also tested if overexpression of ced-12 could induce the engulfment of persisting germced-12 Likely Acts Upstream of ced-10 to Control Cell Corpse Engulfment and DTC Migration line cell corpses in ced-12 mutants. We found that germline cell corpses that have persisted for hours or even We utilized the hsp::ced-12 transgene to examine whether overexpression of ced-12 could bypass the days can still be engulfed by heat shock-induced expression of ced-12 in ced-12 animals carrying a hsp:: functional requirement for the other known engulfment genes. In these experiments, we crossed the hsp::cedced-12 transgene (Table 2C , germline column). These results further suggest that ced-12 probably functions 12 transgene into the genetic backgrounds of ced-1, ced-2, ced-5, ced-6, ced-7, or ced-10 mutants and in the engulfing cells rather than cell corpses during the engulfment of cell corpses.
counted persisting cell corpses after heat shock. We found that none of the engulfing defect in these mutants Taken together, our results are consistent with the model that ced-12 acts upstream of ced-10 in the genetic pathcould be rescued by ced-12 overexpression upon the heat shock treatments (Table 3) . We also performed way for DTC migration and cell corpse engulfment. reciprocal experiments to overexpress ced-2, ced-5, ced-6, ced-7 and ced-10 in a ced-12 background and CED-12/KIAA0281 Interact with CED-5/DOCK180 In Vitro scored persisting cell corpses. We found that overexpression of ced-10 but not ced-2, ced-5, ced-6, or ced-7
Our bypass experiments and the previous observations (Reddien and Horvitz, 2000) together showed that overrescues the engulfment defect in ced-12 mutants after heat shock (Table 4) 
CED-5 Interacts with CED-2 and CED-12
We showed that overexpression of ced-12 cannot bypass the requirement for ced-2 or ced-5 and that overexSimultaneously In Vitro We further explored if CED-5 may interact with CED-2 pression of neither ced-2 nor ced-5 can bypass the requirement for ced-12 during the engulfing process. and CED-12 simultaneously to form a CED-2-CED-5-CED-12 complex. We used the yeast three-hybrid sysThese results in the combination with the previous finding that overexpression of ced-2 or ced-5 cannot rescue tem, a modified yeast two-hybrid system to test the formation of the ternary complex. In this experiment, we the loss of the other gene (Reddien and Horvitz, 2000) suggest that ced-2, ced-5 and ced-12 act in the same fused CED-2 to AD and CED-12C to DB and then tested their interaction in the presence or absence of the nonstep in the genetic pathway that regulates cell corpse engulfment. In addition, we found that similar to ced-2 hybrid CED-5C protein in the yeast strain MaV203 using the HIS-3 reporter gene (see Experimental Procedures).
and ced-5 genes, ced-12 also acts upstream of ced-10 in a genetic pathway that controls the engulfment We found that interaction between AD-CED-2 and DB-CED-12C is detected in the presence of CED-5C but process. Furthermore, we showed that CED-12 physically interacts with CED-5 and forms a ternary complex not in the absence of CED-5C ( Figure 3C ). One simple interpretation is that a ternary complex is formed which with CED-2 in vitro, with CED-5 bridging CED-2 and CED-12. On the basis of these results, we propose that is composed of CED-2, CED-5C, and CED-12C, with CED-5C bridging CED-2 and CED-12C.
CED-12 forms a ternary complex with CED-2 and CED-5, which is recruited to the plasma membrane to activate CED-10/Rac, leading to the cytoskeletal reorganization 
Experimental Procedures
the S5 primer 5Ј-CGGTTTATCAGCCATCAATCCATACGAATCATCT TCTG-3Ј in combination with SL1 or SL2 primers. Nematodes C. elegans strains were grown at 20ЊC, except where otherwise Plasmid Construction noted. All mutations were generated in a strain Bristol N2 backThe ced-12 cDNA was excised from the phage clone yk359f9 (from ground, the standard wild-type strain (Brenner, 1974) . The following Y. Kohara) and cloned to pPD49.78 to generate hsp::ced-12. The mutations were used: LG I: dpy-5(e61), unc-29(e193), lin-11(n566), lag-2 promoter region was amplified by PCR as previously described ced-12(tp2), fog-3(q470), ced-1(e1735, n2089) , unc-75(e950); LG III:
(Henderson et al., 1994) and used to replace the heat shock promoter ced-4(n1162), ced-6(n1813, n2095), ced-7(n1892, n2094); LG IV: in hsp::ced-12 to generate lag-2::ced-12. We designed 5Ј-GTCGTT ced-2(n1994, e1752), ced-10(n3246, n1993), ced-5(n1812, n2002) , GGTGACGTCGCCGTCGGTAAAC-3Ј as forward primer and 5Ј-ced-3(n717), dpy-20(e1282). Deficiencies used were as follows: qDf5, GTTTTACCGACGGCGACGTCACCAACGAC-3Ј as reverse primer to qDf8, qDf9, qDf10, qDf15, and mnDf111 (Ellis and Kimble, 1995) .
generate the single mutation G12V in the ced-10 cDNA using the Quickchange site-directed mutagenesis kit (Stratagene), and the resulting DNA was introduced into the pPD49.78 vector to generate Isolation of ced-12(tp2) Mutants the hsp::ced-10G12V construct. L4 hermaphrodites were mutagenized with ethyl methanesulfonate (EMS) as previously described (Brenner, 1974). F2 progeny were Heat Shock Experiments screened using Nomarski microscopy for mutants with abnormal To overexpress ced-12 after embryonic cell death has completed gonadal shape. The ced-12(tp2) mutants were outcrossed to wildduring embryogenesis, worm plates containing embryos at all develtype N2 animals at least three times. opmental stages were subjected to heat shock in 33ЊC incubator for 1.5 hr. Freshly hatched L1 larvae were transferred to new plates Genetic Mapping of ced-12 one hour after the heat shock treatment to synchronize the animals The mutation ced-12(tp2) was mapped to linkage group I by linkage that were heat-shocked 2.5 hr prior to hatching. These larvae were to unc-29. To better position ced-12 on the genetic map, we mapped scored for cell corpses in the head region 5 hr after the heat shock. ced-12 with respect to deficiencies in the region. We found that the To overexpress ced-12 before germline cell death occurs, transdeficiency qDf5 takes out ced-12 but the deficiencies qDf8, qDf9, genic animals were heat-shocked and assayed as previously deqDf10, qDf15, and mnDf111 do not. The deficiency-mapping data scribed (Wu and Horvitz, 1998a ). indicate that ced-12 maps right of fog-3. We further confirmed this To overexpress ced-12 after germline cell death has occurred and result by the following cross: from the dpy-5(e61) ced-12(tp2) cell corpses have been generated, transgenic animals that entered unc-75(e950)/ fog-3(q470) hermaphrodites, 2/187 Unc Fog non-Dpy adulthood for approximately 50 hr were incubated at 33ЊC for 1.5 recombinants segregated ced-12. The following cross shows that hr and recovered at 20ЊC. Cell corpses in the gonad were counted ced-12 maps left of lin-11: from lin-11(n566)/dpy-5(e61) ced-12(tp2) 24 hr after the heat shock treatment.
unc-75(e950) hermaphrodites, 1/512 Dpy Lin non-Unc recombinant
To test for bypass of cell corpse engulfment, we heat-shocked segregated ced-12.
mixed-stage embryos at 33ЊC for 1.5 hr and scored the number of cell corpses in 4-fold embryos 10.5 hr after the heat shock treatment.
Rescue Experiments
To test for rescue of the DTC migration defect, transgenic animals We performed injections as previously described (Mello et al., 1992), were treated and scored as previously described (Wu and Horvitz, using the pRF4 (150 g/ml) and pTG96 plasmids (100 g/ml) as 1998a). The DTC migration pattern was inferred from the gonadal coinjection markers. The pRF4 plasmid carries the mutated collagen morphology of young adults. gene rol-6(su1006) and confers a dominant roller phenotype (Mello et al., 1992). The pTG96 plasmid contains a sur-5::GFP fusion that
In Vitro Binding Assay is expressed in all somatic cells (Gu et al., 1998) .
We dissected CED-12 into two fragments to generate GST fusion For genetic rescue experiments, we injected cosmids (20 g/ml)
proteins fused to N-or C-terminal fragments of CED-12 due to or PCR genomic fragment (2 g/ml) to ced-12 mutants. To determine the low solubility of the GST fusion protein fused to the full-length the extent of rescue, we counted the number of persisting cell CED-12. ced-12 cDNA fragments corresponding to the amino acids corpses in the head region of 4-fold stage embryos from the stably 1-395 and 396-738 were cloned to pGEX-4T3 to generate the transmitting lines using Nomarski optics as previously described GST-CED-12N and GST-CED-12C fusion proteins, respectively. The (Ellis et al., 1991a). Nonrescued embryos have about 29 cell corpses. resulting fusion protein was expressed and purified as manufacturer Embryos with few or no cell corpses were considered to be rescued. suggested (Pharmacia). The ced-5 cDNA fragments corresponding For the heat shock experiment, we injected heat shock constructs to the amino acids 1-1414 and 1415-1781 were cloned to pCITE 4a (50 g/ml) to wild-type animals. To express transgenes in the en-(ϩ) (Novagen) and transcribed and translated to obtain 35 S-CED-5N gulfment-defective mutant background, extrachromosomal arrays and 35 S-CED-5C as recommended (Promega). 35 S-labeled-CED-5N were crossed to ced-1(e1735), ced-2(n1994), ced-5(n1812), ced-6 (or 35 S-labeled-CED-5C or 35 S-labeled luciferase as control) was in-(n1813), ced-7(n2094), ced-10(n3246), and ced-12(tp2) to generate cubated with GST-CED-12N (or GST-CED-12C or GST as control), corresponding transgenic mutant strains.
bound to glutathione-Sepharose-4B (Pharmacia), for 1 hr at 4ЊC in We injected the lag-2::ced-12 plasmid at 20 g/ml into ced-12 500 l binding buffer (142.5 mM NaCl, 10 mM HEPES (pH 7.6), 5 mutants using only the pTG96 plasmid as coinjection marker. TransmM MgCl 2 , 1 mM EDTA, 0.25% IGEPAL CA-630, 2.5 mg/ml BSA). genic animals with GFP expression were scored for the phenotype Protein complexes were washed three times with 1 ml binding buffer of DTC migration. The gonadal arms with inappropriate turns, twists, and one time with 1 ml binding buffer without BSA and analyzed by positions, or lengths were considered defective. SDS-PAGE (15%) and autoradiography.
Yeast Two-and Three-Hybrid Experiments Molecular Biology Standard molecular biological procedures were followed (Sambrook Related cDNAs were cloned into pPC86 and pDBLeu (GIBCO) to produce AD and BD fusion proteins, respectively. In the yeast twoet al., 1989). For the genomic rescue experiment, DNA fragments in the Y106G6E region were amplified from C. elegans genomic DNA hybrid assay, specific pairs of constructs expressing AD and BD fusion proteins were transformed to the yeast strain MaV203 using Expand long template PCR system (Roche) as recommended. The primers 5Ј-CACTTGAGCCGTAGAATTGGAGCTATTAGAGCA (GIBCO). In the yeast three-hybrid assay, the ced-5 cDNA fragment coding for CED-5C was first cloned to pVT-101U vector, and the GAGG-3Ј and 5Ј-CCTATCTGGCCTCTCACACTGGGCACCTTCCG CAATG-3Ј were used to amplify the DNA fragment Ed. Sequences DNA fragment containing the ced-5 cDNA and the 3Ј and 5Ј regions of the alcohol dehydrogenase gene (ADH) of the resulting construct of the primers used for amplification of other genomic fragments are available upon request.
was cut out and inserted to the pRS316 vector to generate the construct pRSADHCED-5C. The AD-CED-2 and DB-CED-12C fusion To determine the 5Ј end of ced-12 message, we performed RT-PCR experiment (Roche) from C. elegans mixed-staged mRNA using constructs were cotransformed with the pRSADHCED-5C construct or an empty pRS316 vector to the yeast strain MaV203 (GIBCO 
